Abstract: Complexes of ethylenediamine-N,N,N',N'-tetraacetanilide (edtan) with cobalt (11), nickel (11) and copper (11) in the solid state and in solution are reported for the first time.
INTRODUCTION
Although edta (edta = ethylenediaminetetraacetate) has remarkable complexing powers, its use as an extracting agent is limited by the polarity of the tetraanion, its various ,protonated forms and the metal complexes which have limited solubility in the organic solvents commonly used for extraction purposes. Most of the work'" using,edta as extraction agent for metal cations thus involves the presence of (i) a negatively charged edta-metal ion complex in the aqueous phase and (ii) a lipophilic counter cation to favour the extraction of an ion-pair, which , in turn, requires the use of an organic phase capable of solvating the ion-pair. For applications requiring a neutral extractant wliich is insoluble in water, it would be of use to retain as far as possible the complexing powers of edta by synthesising derivatives of it which carry lipophilic substituents such as the edta amides. We selected ethylenediamine tetracetanilide (edtan) for this purpose which was reported3 briefly in 1986 . In order to filly assess edtan as an extracting agent we report (i) the
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synthesis and characterisation of edtan and its solid complexes with nickel (11), cobalt (11) and copper (11) as their perchlorates, (ii) the thermodynamic data (stability constants, Gibbs energies, AcGo, enthalpies, AcH" and entropies, A$") for 1: 1 complexation of the ligand with the same metal ions in water-saturated butan-l-01 as found from titration microcalorimetry, (iii) distribution data in the mutually saturated, two phase water : butan-1-01 system and (iv) a preliminary statement concerning the X-ray crystallographic structures of the complexes formed between edtan and Cu(I1) and Co(I1) with perchlorate as the counter-anion in the solid state.
EXPERIMENTAL SECTION

Synthesis of Edtan
The tetramethyl ester of H,edta was synthesised by a modification of a previously reported4 method in which a methanolic suspension of H,edta is allowed to react with thionyl chloride.
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Microcalorimetric Studies
The LKE3 2277 Thermal Activity Monitor (TAM) was the microcalorimetric system used to perform these studies. The instrument was chemically calibrated using a standard reaction5 between 18-crown-6 and barium (11) in water at 298.15 K. Corrections for the heat of dilution of the titrant in the solvent were carried out in all cases. Stability constants and enthalpy data for the complexation process were calculated using a locally written, minimisation program.
Distribution experiments
For these experiments, the water-butan-1-01 solvent system was used. Both solvents were mutually previously saturated in order to avoid phase volume changes during the extraction process. All experiments were carried out at 298 K and the ionic strength of the aqueous phase was kept constant (I = 0.1 mol dm'3 LiC104). Two variables were considered; these were the concentrations of (i) hydrogen ion in the aqueous phase and (ii) ligand in the organic phase.
RESULTS AND DISCUSSION
Characterisation of ethylenediamine-N,N,N,'N"tetraacetanilide and its metal complexes
The 'H NMR and microanalytical data for edtan (see experimental) are entirely consistent with the tetrakisacetanilide of edta. The compound is soluble in chloroform, butan-1-01 and N,N-dimethylformamide as expected for a neutral molecule containing lipophilic substituents. The IR spectrum of edtan has absorption bands at 3233 and 3183 cm-' assigned to the N-H stretching vibrations of a secondary amide with the two components attributed6 to & and trans rotational isomers formed as a result of hydrogen bonding.
There was no absorption characteristic of a carboxylic acid group in the region above 2000 cm-'. The absorption at 1682 cm-' in edtan is assigned to the amide I band since in anilides this is usually found' towards the upper end of the range. This band falls in wavenumber on complexation to the metal ions consistent with coordination through carbonyl oxygen rather than amide nitrogen. There are a number of other vibrations expected6 in this region (CH2 and NH deformations, aromatic ring, coordinated or lattice water in the complexes) so that the amide I band assignments are tentative. All of the IR spectra of the neutratcomplexes had a strong, symmetrical absorption near 1100 cm-' suggesting' the presence of ionic (Td) perchlorate.
Thermodynamic studies8
Stability constants and derived Gibbs energies, enthalpies and entropies for the complexation process are shown in Table 1 . The data gave an excellent fit for the formation of 1 : 1 stoichiometric complexes in all three cases. and are referred to the process:
where s denotes the water-saturated butan-1-01 solvent and M2+ = copper, cobalt and nickel. It is assumed that neither the hydrated metal cations nor the complexes with edtan form ion-pairs with the perchlorate counter anion. The solutions were dilute (Table 1 ) and the solvent contained large quantities of water which would increase the dielectric constant above that of pure butan-1-01. For the three complexation equilibria, the process is enthalpically favoured. The stability constant data show that the ligand selectively recognised the cations in the order Ni" > Cu2+ > Co2+ which is different from that expected from the Irving-Williams series9 suggesting a ligand specific effect for copper (11). It is therefore interesting to note that while favourable (positive) entropies are found for the complexation of nickel (11) and cobalt (11) that for copper (11) is negative which also suggests a structural anomaly for copper (11). For the entropy associated with chelation reactions, Chunglo has suggested that overall positive entropy changes (implying favourable contributions from both the translational and intrinsic entropies) are due to the presence of additional chelate rings in the complexes. This would appear to indicate that the nickel (11) and cobalt (11) complexes formed in solution may have an additional chelate ring relative to the copper (11) complex. This study confirms the importance of acquiring both stability constant and directly determined enthalpy data in understanding complexation reactions.
Structural Studies
The main purpose of the crystallographic study" was to investigate the conclusion drawn from the thermodynamic evaluation of the entropy changes that the Cu(I1) complex cation is structurally different from the other two. molecule in each case. There is thus an excellent corroboration of the conclusion drawn from the calorimetric study which indicated a structural difference between Cu and Co based on the estimation of the entropy changes on complexation.
Distribution experiments
The results are illustrated in Figure 1 and Table 2 . These show that under the conditions employed the distributions are in the order CU" Coz+ > Ni". At low hydrogen ion concentrations (Figure 1 ) there is an important and marked preference for Cu2+ such that complete separation of copper from cobalt and nickel is feasible.
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c, The data in Table 2 , in which the ligand effect on the distribution data is clearly demonstrated, were obtained without the addition of perchloric acid to the aqueous phase. In the absence of ligand cobalt is better transferred to the organic phase than the other two metal ions. The separation ratio for copper relative to nickel is approximately unity while there is a considerable reduction of this value with respect to cobalt. The presence of edtan in the organic phase leads to a different selectivity pattern to the extent that at the highest ligand concentration ( 2 . 5~1 0 -~ mol dm-3) the selectivity ratios for copper with respect to cobalt and nickel are increased to 1.3 and 2.0 respectively. Several processes contribute to the overall extraction of metal cations by neutral ligands. These include (i) the transfer of the electrolyte (in the present case metal ion perchlorates) from water to the non-aqueous solvent, (ii) the degree of ion-pair formation of the electrolyte in the organic phase, (iii) the nature and the number of ligand : metal species formed in the non-aqueous phase, (iv) the degree of ion-pair formation between the complexed cation and the counter anion and (v) the formation constants of the ligand : metal species in the organic phase. As discussed earlier, there is little evidence in this work to suggest that significant ion-pair formation (factors 11 and iv) in the water-saturated butan-1-01 phase occurs. However, it seems clear that for Coz+ and Ni2' the overall extraction of the cations is mainly influenced by the transfer (i) and the complexation process (iv). Thus, it would appear that the higher stability of the nickel complex relative to cobalt (see A, @ values, Table  1 ) is insufficient to overcome the favourable transfer of the latter as the perchlorate (factor i). As a result cobalt is better extracted than nickel. On the other hand, the marked preference for copper in the extraction process may be attributed to an additional contribution resulting from the formation of a complex ion with five rather than six coordinate edtan molecule demonstrated by the X-ray crystallogrphic structures discussed above. The thermodynamic data derived from microcalorimetry also indicated that the 1 : 1 complex with Cu2+ is structurally different from those for Ni" and Co".
